This paper aims to determine the proper cross-sectional area for tunnels on high-speed maglev lines and support the optimization of the airtightness design for high-speed maglev trains. For these purposes, the pressure fluctuations in the tunnel operation of two maglev trains with the speed up to 650km/h were simulated using the 1D compressible unsteady non-homentropic flow model and the method of characteristics. The simulation results were compared to those from the reduced-scale test in Japan and full-scale test in China. The comparison proves that our 1D model is a rational and efficient tool for pressure wave prediction. Through repeated computations of the 1D model, the critical tunnel lengths were obtained. Then, the effects of tunnel length, tunnel cross-sectional area, train speed and train length on maximum pressure variation were identified one by one. The research findings provide a valuable reference for the tunnel and train design on high-speed maglev lines.
INTRODUCTION
At present, there are two typical technical routes for the development of high-speed maglev, namely, the hightemperature superconducting magnetic levitation in Japan and the room-temperature superconductivity magnetic levitation in German. The only commercially-operated high-speed maglev line is the Shanghai Transrapid, which operates at the maximum speed of 431 km/h. The TR-09 manned maglev train reached 550 km/h in speed tests. Meanwhile, the Japanese superconducting maglev train hit 603 km/h on the Yamanashi Test Line. It is clear that high-speed maglev train greatly surpasses conventional wheel-rail high-speed train in operation speed. However, this advantage comes at the expense of strict aerodynamic requirements on the train, especially in tunnel operations. When a high-speed maglev train passes through a tunnel, there will be severe pressure fluctuations in the tunnel, leading to aural discomfort of passengers, fatigue damage of the train and its components, and safety accidents to tunnel equipment and workers. Therefore, it is very meaningful to make accurate predictions of the pressure wave generated during the tunnel operation of high-speed maglev trains.
Numerous studies have explored the pressure wave caused by high-speed trains passing through the tunnel. However, there are relatively few reports on the pressure wave in tunnel induced by high-speed maglev trains. Since 1977, Japanese scholars have investigated various aerodynamic problems of high-speed maglev trains on the Miyazaki Test Line and the Yamanashi Test Line. For instance, Masahiro Sugesawa et al. [1] conducted a full-scale test on the aerodynamics of MLX01 test train, such as surface pressure, rear-end flow separation, air resistance, micro-pressure waves, and the interior/exterior noise features. Through full-scale and reduced-scale tests, Kazuya Takahashi [2] and Atsushi Honda [3] [4] examined the features of the micro-pressure wave and the performance of the tunnel buffer structure when a maglev train passes through the tunnel. Saito Tsutoshi [5] identified the relationship between initial compression wave and micro-pressure wave during the tunnel operation of high-speed maglev trains. Focusing on tunnel pressure waves, Mikio Yamazaki et al. [6] [7] employed full-scale test and computational fluid dynamics (CFD) to investigate the pressure fluctuations caused by a 3-car group MX01 train passing through a 4km-long tunnel at the speed of 500 km/h. Through shallow water-table, Kazuya Kikawada et al. [8] concluded that the pressure change is 9kPa at the centre of a 1,445 m-long tunnel if only one train passes through the tunnel at 500 km/h at the blockage ratio of 0.130, and 18 kPa if two trains pass through the tunnel under the same conditions.
Owing to the lack of tunnels in the Emsland test facility and the Shanghai Transrapid, German and Chinese scholars have only theoretically analysed the pressure wave caused by highspeed maglev trains passing through the tunnel. Under the outside maximum pressure threshold of 5.5 kPa, Th. Tielkes [9] compared the aerodynamics of traditional intercity express (ICE) trains and maglev trains, and recommended the dynamic airtightness index of 20 s and the tunnel cross-sectional areas of 72, 95, 123 and 156 m 2 , respectively for 300, 350, 400, and 450 km/h trains. Zhang Guangpeng et al. [10] studied the effect of operating speed and tunnel length on the pressure wave caused by the tunnel operation of a TR-type maglev train, and gave recommended tunnel cross-sectional area according to Germany and ERRI pressure comfort criterions. Zhang Zhaojie [11] used CFD method to determine the pressure wave features of a 250 km/h maglev train based on the secondary development of FLUENT. Liu Chaoqun et al. [12] compared the internal profile of the tunnels around the world with TR08 maglev train passing at 350 km/h, 400 km/h and 450 km/h, but failed to make a systematic calculation or analysis. Reference [23] establishes pressure calculation methods and procedures for single-and double-train tunnel operations based on nonhomentropic flow model [23] . Mei Yuangui [20] conducted indepth research on the pressure wave of high-speed train tunnels for many years.
Full-scale test is the best way to obtain the exact pressure features in the tunnel operation of high-speed maglev trains. However, such a test is not suitable for the design phase, as it is premised by the completion of the railway and the train. What is worse, both full-scale and reduced-scale tests have a high cost. With the development of computer hardware, numerical simulation has emerged as a cost-efficient method for design selection. For instance, Kozo Fujii [13] and JennLong Liu [14] probed into the formation and regularity of the pressure wave in tunnel, respectively using the finitedifference method and the overlapping mesh method. In addition, many scholars [15~18] have applied commercial CFD software to simulate the formation of tunnel pressure waves and the impact of train shape and auxiliary tunnels. In general, numerical simulation methods can be divided into 1D methods, 3D methods and combination methods. The 3D methods can capture outside pressure distribution and other details features of the local pressure. Nonetheless, the tunnel length of 3D simulation is limited to 4km under the current hardware constraint. Relatively speaking, 1D flow models are good at quick comparison and selection of multiple parameters in the design phase. Until now, source programs [19] [20] like ThermoTun and DB-TUNEL still play an important role in the selection of tunnel cross-sectional area and evaluation of the passenger comfort [21] [22] .
Through the above analysis, this paper studies the pressure fluctuations in the tunnel operation of two maglev trains using the 1D compressible unsteady non-homentropic flow model and the method of characteristics, aiming to determine the proper cross-sectional area for tunnels on high-speed maglev lines and optimize the airtightness design for high-speed maglev trains.
OVERVIEW OF 1D FLOW MODEL
When a high-speed maglev train passes through a tunnel, it will induce a 3D, compressible, unsteady, and turbulent flow. In general, the length of the tunnel is much greater than its hydraulic diameter. This geometrical feature allows the simplification of the 3D flow as 1D flow, except for the train ends and the tunnel entrance.
Governing equations
The target tunnel is a horizontal one with no abrupt changes in the cross-section or auxiliary structures like ventilation shaft. It is assumed that the train body is absolutely airtight with no exchange between inside and outside air, and that the air in the tunnel is ideal gas. Considering the friction and heat transfer between the air and the wall surface of the train or the tunnel, the governing equations for the 1D compressible nonhomentropic flow model [20] can be established as:
Continuity equation:
Momentum equation:
Energy equation:
where u and a are the air speed and the local sound speed, respectively; ρ, p and κ are density, pressure and specific heat ratio of the air, respectively; g is the gravity acceleration; is the power of the moving wall surface on the air; G is the frictional item; q is the heat transfer item between the air and wall surface of the train or the tunnel; t is the time. The values of G, q and w are dependent on the relative position of train and tunnel.
(1) The flow in the empty tunnel with no trains in the duct can be expressed as:
(2) When a single train runs through the tunnel, the flow in the annulus between the train and the tunnel can be expressed as:
(3) When two trains run through the tunnel, the flow in the annulus between the tunnel and the two trains can be expressed as: TU  TU  AN2   TR1 TR1  TR1  TR1   TR2 TR2  TR 2  TR2 1 21
where F TU and F AN are the cross-sectional area of the tunnel and the annulus between the single train and the tunnel, respectively; S TU and S TR are the perimeters of the crosssection of the tunnel and the train, respectively; f TU and f TR are the friction coefficients of the tunnel and the train, respectively; R and V are gas constant and train speed, respectively; T and T TU are the temperatures inside the tunnel and on the tunnel wall, respectively; subscripts 1 and 2 indicate whether the corresponding parameters belong to train #1 or train #2, except that F AN2 is the cross-sectional area of the annulus between the tunnel and two trains.
Boundary conditions
During the simulation with the 1D compressible flow model, the boundary conditions at the tunnel portals and train ends were described by a 1D quasi-steady non-homentropic flow model [20] . In fact, the flow at the boundary of tunnel portals and train ends is an unsteady 3D flow. However, the boundary region is extremely short compared with the entire tunnel. The flow parameters change more violently with the spatial distance x than with the time, that is, (Figure 1 ), the reference coordinate system moving with the train was selected to establish the moving boundary conditions. Then, the relationship between the air speeds in the train coordinate system and the reference coordinate system can be defined as u'=u-V.
According to the governing equations and the formula of pressure-loss coefficient at the train nose, the boundary condition can be described as: 01  02  01  02  01  02  N  2  2  2  2  2  22  2  2  2  2  2   1  1  1  2  2 
where subscript 0 represents the stagnation state of the air; subscripts 1, 2 and 3 represent the flow parameters in Sections 1-1, 2-2 and 3-3, respectively; F is the flow area; u' is the air speed in train coordinate system; ζ N is the pressure-loss coefficient at train nose. The control equations reflect the features of quasi-steady non-homentropic flow. The boundary conditions of the entry of train tail, the exit of train nose, and the exit of train tail can be established in a similar manner.
If two trains pass through the tunnel, the boundary conditions of the tunnel operation should be constructed for both trains. In light of the short crossing time, the air flow can be viewed as incompressible [26] .
Simulation method
Equations (1)~(3) constitute a set of first-order, quasi-linear hyperbolic, partial differential equations, which can be solved by the method of characteristics. As an inverse marching method and the method of characteristics of generalized Riemann variables is adopted for our research. By this method, equations (1)~ (12) were transformed into characteristic equations in u, ρ, and p, and then rewritten in dimensionless form using λ, β, and A A , with λ and β being dimensionless generalized Riemann variables and A A being the dimensionless entropy of air particles. In addition, the flow speed, length, sound speed and time were also introduced in dimensionless forms.
Considering the air flow in empty tunnel, the direction conditions and characteristic equations can be established as follows.
( 
where subscripts AA, f, and h represent the effects of gas entropy, friction and heat transfer on air flow, respectively. The impacts of these factors on λ, β and AA can be expressed as:
where l R is reference length; a R is reference sound speed; Z is the dimensionless time.
Following the method of characteristics of generalized Riemann variables, the λ, β and A A at time Z 2 can be solved as:
Finally, λ, β and A A can be transformed to u, ρ, and p. The detailed steps are as follows:
(1) Define the physical model and geometrical parameters. 
Validation
The current speed record of high-speed maglev train stands at 500 km/h. However, there is not yet an agreed test speed for high-speed maglev trains. Here, the results of the moving model rigs in Japan [19] are used to validate our model. Specifically, the tunnel length was set to 14.7 m; the tunnel diameter was set to 0.1 m; the distance between the pressure transducer and the entrance was set to 2.35 m. It is assumed that the tunnel has a uniform cross-section. The transducer placement ensures that the device is far away from the obvious 3D flow area at the entrance. This area has been studied in great details in previous research [27, 28] . As shown in Figure 2 (a), the pressure fluctuations at 2.35m form the entrance calculated by our model were the same with as those obtained by the moving model rigs, indicating that our model can predict the exact pressure fluctuations when the train passes through the tunnel at a speed up to 500 km/h. The maximum errors of the positive and negative pressures were 8.5 % and 1.8 %, respectively, which may be attributed to the effect of aerodynamic coefficients in our model.
After verifying the pressure fluctuations in the tunnel, an additional verification was performed to check the prediction accuracy of pressure fluctuations outside the train ( Figure  2(b) ). A full-scale test was carried out at the 2,818 m Xikema #1 Tunnel on Beijing-Shanghai High-Speed Railway with a CRH380AL train. The test speed was 380km/h. It is clear that the results of our model agreed well with those of the full-scale test, and the maximum errors of the positive and negative pressures were -3.9 % and 4.1 %, respectively. To sum up, the flow model is proved feasible for subsequent analysis.
INFLUENCING FACTORS ANALYSIS
Previous studies have shown that the pressure fluctuations outside the train are much higher in the tunnel operation of two trains than that of a single train. The pressure fluctuations is particularly pronounced at the centre of the tunnel at the same train speed.
In Figures 3(a) and 3(c) , the thick solid line and thick dash line represent the track of train nose and that of train tail, respectively; the thin solid line and thin dash line represent that track of compression wave (CW) and that of expansion wave (EW), respectively. Figure 3 (b) compares the time histories of pressure fluctuations at train nose between single-train and two-train operations.
As shown in Figure 3 , it is easy to see that the front of the compression wave produced by the entry of train 2# did not reach the nose of train 1# before 1.18 s; in this period, the pressure fluctuations were identical to those in single-train operation. At t = 1.18 s, the nose pressure rocketed up under the compression wave. When the two trains met, the pressure plunged deeply, and fluctuated far more violently than the single-train operation. Table 1 lists the maximum positive pressure variation (Δp max +), the maximum negative pressure variation (Δp max -) and peak-to-peak values. The statistics in the table reveal that, in the two-train operation, the Δp max + grew by 167.9 %, and the peak-to-peak value increased by 33.6 %.
The pressure variation at 3.6 s is resulted from the exit of train nose. At this moment, the pressure at the train nose suddenly restored to the ambient pressure. The variation depends on the pressures before and after the exit of train nose. Compared to the single-train operation, two-train operation always has a high negative pressure before the exit of train nose. The post-exit pressure is the ambient pressure.
The pressure variation at 3.6 s was very obvious, as the reflected expansion wave affected the train nose at about 3.5s. In actual operations, it is impossible to eliminate the extreme condition that two trains moving at the same speed met at the centre of the tunnel (hereinafter referred to as the extreme condition). This condition should not be overlooked in the train design. Hence, the following sections attempt to discuss the influencing factors on this condition.
Effect of tunnel length
Inspired by previous research [29] , the critical tunnel length derived from the Δp max -at train tail in the extreme condition is:
According to the superposition and reflection laws of compression wave and expansion wave, the critical tunnel length derived from the Δpmax-at train nose is:
The above equations show the positive correlation between the critical tunnel length and the train length; the critical tunnel length based on the Δp max -decreased with the increase of the train speed, while that based on the Δp max + at train nose decreased when the train speed was slower than 1/3 Mach and increased when the train speed was greater than that value. In the extreme condition, the critical tunnel length fell in [150 m, 1,050 m] for 75 m, 125 m and 250 m-long highspeed maglev trains. Figure 4 shows relationship between tunnel length and Δp max +, Δp max -and the peak-to-peak value of 75m-long highspeed maglev trains. Here, the predicted tunnel length ranges from twice the train length to 2km. The cross-sectional area of the tunnel was set to 100 m 2 according to the wheel-rail system in China, and the train speed was set to 500 km/h. It can be seen from Figure 4 that the Δp max + , Δp max -and peakto-peak value remained basically the same in the tunnel longer than 400 m, 750 m and 750 m, and only decreased slowly with the increase of tunnel length. For other train lengths, the peak values all remained unchanged when the tunnel length was more than 4 times of the critical tunnel length. 75m  125m  250m  75m  125m  250m  400  250  400  800  220  340  600  450  220  340  700  160  280  700  500  200  350  750  160  300  550  550  200  360  800  160  260  510  600  200  380  850  160  260  510  650  220  420  950  160  260  510   Table 2 lists the critical tunnel lengths obtained through our 1D predictions. It is clear that the trends with train length and speed are almost the same as the results of equations (28) and (29), which were deduced from the superposition and reflection laws of compression wave and expansion wave. In addition, the results of our simulation agree well with those in Reference [29] . All these demonstrate that the critical tunnel lengths based on the Δp max + at train nose are rational, despite the lack of full-scale or reduced-scale data. Hence, the data in Table 2 are adopted for the subsequent analysis. Figure 5 shows relationship between tunnel cross-sectional area and Δp max +, Δp max -and the peak-to-peak value of the 125m-long high-speed maglev trains in the extreme condition. Using the critical tunnel lengths in Table 2 As can be seen from Figure 5 , Δp max +, Δp max -and the peakto-peak value all decreased with the increase of tunnel crosssectional area. Under the Germany criterion, the train can only be operated under 400 km/h and the tunnel crosssectional area should not be smaller than 193 m 2 , which far beyond the largest available area of 107 m 2 in the world. It is found that Δp max +, Δp max -and the peak-to-peak value can be well fitted with tunnel cross-sectional area by exponential function. Table 3 lists the exponent n for different tunnel sectional areas. It is found that the range of n for Δp max + , Δp max -and the peak-to-peak value was -1.3 ~ -1.4, -1.1 ~ -1.2 and -1.0 ~ -1.2, respectively. Figure 6 describes the relationship between train speed and Δp max +, Δp max -and the peak-to-peak value of 125 m-long high-speed maglev trains in the extremely condition.
Effect of tunnel cross-sectional area

Effect of train speed
The aforementioned critical tunnel lengths were also used in this section. The cases for 75 m-and 250 m-long trains are omitted because they share the same trend with the case of 125 m-long trains. It can be inferred from Figure 6 that Δp max + , Δp max -and the peak-to-peak value all increased with the train speed.
It is also found that Δp max + , Δp max -and the peak-to-peak value can be well fitted with train speed by exponential function. Table 3 lists the exponent n for different train speeds. It is found that the range of n for Δp max + , Δp max -and the peak-to-peak value was 2.7 ~ 2.8, 2.3 ~ 2.4 and 2.0 ~ 2.6, respectively. Figure 7 depicts the relationship between train length and Δp max +, Δp max -and the peak-to-peak value in the extreme condition. The aforementioned critical tunnel lengths were also used in this section. As shown in Figure 7 , Δp max + increased with the train length, while Δp max -and the peak-topeak value increased firstly and then remained almostly unchanged with the increase of train length. 
Effect of train length
CONCLUSIONS
This paper investigates the pressure waves produced by the tunnel operation of two maglev trains moving at the speed up to 650 km/h, using 1D compressible unsteady nonhomentropic flow model and the characteristic method for generalized Riemann variables. The simulation results were compared to those from the reduced-scale test in Japan and full-scale test in China. The comparison proves that our 1D model is a rational and efficient tool for pressure wave prediction. Through repeated computations of the 1D model, the critical tunnel lengths were obtained. Then, the author explored the effects of tunnel length, tunnel cross-sectional area, train speed and train length on maximum pressure variation. The preliminary conclusions are as follows:
First, the critical tunnel lengths obtained by the 1D model based on the Δp max + range of 160 m ~ 950 m agree well with those in Reference [29] , in which the range is 150 m~1,050 m. In addition, the critical tunnel length based on the Δp max + is longer than that based on the Δp max -.
Second, the tunnel cross-sectional area, and train speed have greater impacts than the train length on the Δp max + and the Δp max -of the train. The peak pressure change of the train is about -1.1 ~ -1.4 times the tunnel cross-sectional area, and 2.0 ~ 2.7 times the train speed.
Third, under the German threshold criterion of 5.5 kPa, the cross-sectional area is up to 193 m 2 in the extreme condition that two 125m-long trains passing at 400 km/h. Therefore, special attentions should be paid to the presence of 150~1,000m-long tunnels on high-speed maglev lines. To prevent blocking the effect, a possible solution is to increase the tunnel length to 4 times the critical length.
Fourth, the research results indicate that for the severe pressure fluctuations inducted by two crossing maglevs in the tunnel, double-tube single-track tunnel type should be pay more attentions in the high-speed maglev lines instand of single-tube double-track tunnel type. 
